Leptin is an adipocyte-derived hormone involved in the regulation of feeding behavior and energy homeostasis in vertebrates. We recently reported that leptin activates the JAK-STAT signaling pathway through the chicken leptin receptor (chLEPR). However, the molecular inhibitory mechanism by suppressor of cytokine signaling 3 (SOCS3), observed in mammalian leptin signaling, has not been elucidated in avian species. Therefore, the role of chicken SOCS3 (chSOCS3) in signal transduction through the chLEPR was analyzed in this study. Leptin increases SOCS3 mRNA expression in chicken hepatoma cells, LMH, and also activates the chSOCS3 gene promoter in the chLEPRexpressing cells. Overexpression of chSOCS3 inhibited leptin-induced signaling by blocking phosphorylation of JAK2 and subsequent activation of STAT3 similar to that observed in mammals. Signaling inhibited by chSOCS3 was not restored in the chLEPR mutated docking site of SOCS3. In addition, mutation of Phe25 in the kinase inhibitory region of chSOCS3 abolished SOCS3 activity via the wild chLEPR. The present study indicates that SOCS3 is a negative feedback regulator of leptin signaling in chickens as well as in mammals. However, the inhibitory mechanism in chickens may differ slightly from that observed in mammals.
Introduction
Leptin is an adipocyte-derived hormone involved in the regulation of feeding behavior and energy homeostasis in vertebrates (Zhang et al., 1994; Campfield et al., 1995; Halaas et al., 1995; Pelleymounter et al., 1995; Kuo et al., 2005; Huising et al., 2006; Paolucci et al., 2006) . The physiological action of leptin is mediated through a specific receptor localized in the target tissues. The signal transduction pathway of leptin is well known in mammals. Leptin binds to the long form leptin receptor (LEPRb) and phosphorylates Janus kinase 2 (JAK2), which subsequently phosphorylates multiple tyrosine residues, Tyr985, Tyr1077, and Tyr1138 in the intracellular domain (Gong et al., 2007) . Tyr1138 recruits the signal transducer and activator of transcripts 3 (STAT3), and phosphorylated-STAT3 translocates to the nucleus and regulates mRNA expression of its target genes including suppressor of cytokine signaling 3 (SOCS3) (Banks et al., 2000) . The SOCS3 is a member of the SOCS family, comprising of at least 8 proteins, SOCS1 to SOCS7 and CIS, with similar structural features Minamoto et al., 1997; Hilton et al., 1998) . The SOCS or CIS genes are known to be negative regulators of a variety of cytokines (Endo et al., 1997; Naka et al., 1997; Starr et al., 1997) . During leptin signaling in mammals, the phosphorylated Tyr985 of LEPRb binds to SOCS3 to demonstrate its inhibitory action (Bjørbaek et al., 1998; Banks et al., 2000) . In addition, knock-in mice carrying a mutation of Tyr985 in LEPRb exhibit a lean phenotype with hyper leptin sensitivity and normal neuroendocrine function (Björnholm et al., 2007) . This suggests that the Tyr985 in LEPRb attenuates leptin signaling, presumably via a SOCS3-mediated feedback loop. On the other hand, the non-mammalian leptin signal transduction pathway is poorly understood. It was revealed that chicken LEPR (chLEPR) activates the JAK-STAT signaling pathway Hen et al., 2008) , which indicates that the leptin signaling pathway is conserved among vertebrates. However, the molecular inhibitory mechanism that has been observed in mammalian leptin signaling has not been reported in non-mammalian vertebrates. The existence of a leptin homolog is still controversial, particularly in birds (Friedman-Einat et al., 1999; Pitel et al., 2000; Dunn et al., 2001; Amills et al., 2003) . Nevertheless, an in vivo leptin injection influences reproduction, immune function, and food intake in several avian species (Ohkubo and Adachi, 2008, Review) . Therefore, it 60, and 120 min after mleptin treatment, and the total RNA was extracted using Sepazol Super (Nacalai Tesque, Kyoto, Japan) according to the manufacturer's instructions. RNA samples were treated with RNase-free DNase (Promega Japan) at 37℃ for 15 min to remove the contaminated genomic DNA. One microgram of the total RNA was reverse transcribed with oligo-dT 17 primer and ReverTra Ace (TOYOBO).
The expression of chSOCS3 mRNA was analyzed by quantitative PCR (qPCR) using a Thermal Cycler Dice RealTime System (TaKaRa, Shiga, Japan). The following primer sets were used: chSOCS3, 5′ -GACGTTCAGCTCTAAGA-GCGAG-3′(sense) and 5′ -CTCCAGTAGAAGCCGCTCT-CCT-3′(antisense); chicken GAPDH, 5′ -CTAAGCAAGG-TGTTCACGAACAAC-3′(sense) and 5′ -CGCAGGTGGA-TGTCGAACTTATC-3′(antisense), as the internal control. The qPCR was carried out in a final volume of 25 μl containing 12.5 μl of SYBR Premix Ex Taq TM II (Promega Japan), specific primers, and 1 ng of the cDNA synthesized as described above. The PCR parameters were as follows: 1 cycle at 95℃ for 5 min, followed by 40 cycles at 95℃ for 5 s, 60℃ for 30 s, and 1 cycle at 95℃ for 15 s, 60℃ for 30 s, 95℃ for 15 s. Data were calculated by the 2 −ΔΔCt method (Livak and Schmittgen, 2001) .
Cell Culture and Transfection
CHO-K1 and CHO-K1 stably expressing chLEPR (CHOchLEPR; Adachi et al., 2008) were maintained in nutrient mixture Ham's F-12 medium (Sigma-Aldrich Japan) supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin and 100 μg/ml streptomycin at 37℃ in an atmosphere of 95% air and 5% CO 2 . Transfection was performed as follows unless otherwise stated. Cells were seeded in a 24-well plate 1 day prior to transfection. The cells were transfected with the appropriate vector using TransFectin Lipid Reagent (Bio-Rad Laboratories). Four hours after transfection, the growth medium was replaced with serumfree medium and incubated for 16 h. The transfected cells were then stimulated with mleptin according to the experimental design. Adachi et al. 
Analysis of Leptin Dependent Activation of chSOCS3 Gene Promoter
A primer pair was synthesized based on the Gallus gallus chromosome 18 sequence (Accession No. NC_006105; Table  1 ) and genomic DNA extracted from the White Leghorn was used for amplification of the chSOCS3 gene promoter. The PCR parameters were as follows: 25 cycles at 95℃ for 30 s, 58℃ for 30 s, and 72℃ for 30 s. The amplified fragment was cloned into pGEM-T Easy (Promega) and sequenced. The amplified DNA fragment was cloned into the pGL3-Basic luciferase reporter vector (pGL3-chSOCS3 promoter).
The CHO-chLEPR cells (1.0×10 5 cells/well) were seeded in 24-well plates and transfected with pGL3-Basic or pGL3-chSOCS3 promoter and pRL-Tk at a ratio of 49: 1 using TransFectin Lipid Reagent (Bio-Rad Laboratories). Four hours after transfection, the medium was replaced with serumfree medium and incubated for 16 h. The cells were stimulated with 12.5 ng/ml mleptin for 3 h, and the promoter activity was analyzed by the dual luciferase assay.
Western Blot Analysis
Western blot analysis was performed as follows unless otherwise stated. Total cell lysates were separated by SDS-PAGE under reducing conditions and then transferred to Hybond-P membrane (GE Healthcare Japan, Tokyo, Japan) using a Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad Laboratories) at 15 V for 30 min in 25 mM Tris, 192 mM glycine, and 20% methanol. After transfer, the blot was treated for 1 h at room temperature with PBS containing 0.1% Tween 20 (PBST) including 5% non-fat dry milk. The membrane was incubated with the appropriate primary antibody for 1 h at room temperature followed by two 10 min PBST washes. The blot was then incubated with a secondary antibody conjugated with horseradish peroxidase for 1 h followed by two 10 min PBST washes. After washing, the membrane was immersed in SuperSignal West Dura Extended Duration Substrate (TaKaRa Bio), and signal detection was performed on an LAS-3000 Mini (Fuji Film Co. Ltd., Tokyo, Japan).
Dual Luciferase Assay
The cells were lysed with 100 μl Passive Lysis Buffer (Promega), and luciferase activity was measured using a Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. Firefly luciferase activity was normalized to Renilla reniformis luciferase activity.
Effect of chSOCS3 on Leptin-induced Phosphorylation of JAK2 and chSTAT3 in the CHO-K1 Cells
The CHO-K1 cells (1.0×10 5 cells/well) were transfected with expression vectors for wild-type or mutant chLEPR, pcDNA-chSOCS3, and pEGFP-chSTAT3 at a ratio of 1:2:2 as described above. The cells were then treated with 12.5 ng/ml mleptin for 1 h. After treatment, the cells were lysed using 30 μl of mild lysis solution (CytoSignal, Irvine, CA, USA) containing protease inhibitors (Complete; Roche Applied Science) and Phosphatase Inhibitor Cocktail (Nacalai Tesque). The protein concentration in the whole cell lysates was measured using Micro BCA Protein Assay Reagent (Pierce Biotechnology, Rockford, IL, USA). Ten micrograms of cell protein was subjected to Western blot analysis. An anti-STAT3 monoclonal antibody (BD Biosciences, Tokyo, Japan) or anti-phospho STAT3 (pY705) monoclonal antibody (BD Biosciences) was used as the primary antibody, and an anti-mouse IgG antibody conjugated with horseradish peroxidase (diluted 1:2000; New England BioLabs Japan, Tokyo, Japan) was used as the secondary antibody. An anti-phospho JAK2 (pY1077/1078) monoclonal antibody was used to detect phosphorylated JAK2, (Cell Signaling Technology, Inc., Massachusetts, USA) with the same secondary antibody as described above.
Effect of chSOCS3 on Leptin Induced Signal Transduction in the CHO-K1 Cells
The CHO-chLEPR cells seeded in 24-well plates were transfected with the expression vector for the wild type or mutant chLEPR, pcDNA3.1 or pcDNA-chSOCS3, pAH32, and pRL-Tk at a ratio of 1:1:3:0.1. The transfected cells were treated with mleptin (12.5 ng/ml) for 3 h and subjected to the dual luciferase assay.
Statistical Analysis
For qPCR for chSOCS mRNA expression, data was analyzed using ANOVA followed by Tukey's test for multiple comparison. For determination of promoter activity by luciferase assay, Statistical analyses were carried out by ANOVA followed by Student's t-test. All statistical analyses have been done by R statistical package (www.r-project. org). P values less than 0.05 were considered as statistically significant.
Results

Leptin Stimulated chSOCS3 gene Expression in Vitro
Leptin time-dependently increased SOCS3 mRNA expression in LMH cells transiently expressing chLEPR, and of which significant induction was observed at 30 and 60 min after the mleptin stimulation (Fig. 1) . Regarding chSOCS3 gene promoter activation by leptin, luciferase assay showed that leptin significantly induced the chSOCS3 gene promoter activity in the CHO-chLEPR cells (Fig. 2) .
chSOCS3 Inhibits Leptin Signal Transduction
It has been reported that SOCS3 inhibits leptin signaling by binding to phosphorylated tyrosine at 985 in the cytoplasmic domain of mammalian LEPRb (Bjørbaek et al., 2000) , and that the mouse LEPRb Y985F mutant restored leptin-dependent signal transduction suppressed by SOCS3 (Eyckerman et al., 2000) . Tyr985 in mammalian LEPRb is conserved in chLEPR as Tyr976 (Horev et al., 2000; Ohkubo et al., 2000) . Therefore, we investigated the function of chSOCS3 in leptin signaling via chLEPR, which is associated with Tyr976 in the chLEPR.
In the luciferase assay, chSOCS3 completely blocked leptininduced JAK2-STAT3 signaling in the chLEPR-expressing CHO-K1 cells (Fig. 3) . Notably, leptin-induced activation of the reporter gene was still observed in the CHO-K1 cells expressing the chLEPR Y976A and this was stronger than that observed in the wild-type chLEPR. Furthermore, chSOCS3 strongly reduced phosphorylation of JAK2 and Journal of Poultry Science, 50 (3) STAT3 in the chLEPR Y976A-expressing cells as well as in the wild-type chLEPR-expressing cells (Fig. 4) . In contrast to the results obtained with mammalian LEPRb, the present results indicate that Tyr976 in chLEPR may not be necessary for the inhibitory action of chSOCS3.
Determination of the Domain Involved in the Inhibitory Action of chSOCS3
chSOCS3 may negatively regulate leptin signaling without interacting with phospho-Tyr in the intracellular domain of chLEPR. Therefore, we addressed the functional interaction between JAK2 and chSOCS3. A previous study has shown that F25A in the N-terminal kinase inhibitory region (KIR) is crucial for human SOCS3 function (Sasaki et al., 1999) , and this is caused due to the failure of SOCS3 F25A mutant binding to JAK2 (Sasaki et al., 2000) . The KIR amino acid sequence is conserved between chSOCS3 and human SOCS3 (Fig. 5A ). Therefore, we tested whether the chSOCS3 F25A alters leptin signaling. The chSOCS3 F25A did not inhibit leptin signaling via the chLEPR Y976A or the wild type chLEPR (Fig. 5B) .
Discussion
The leptin receptor belongs to the cytokine receptor family and shares a similar intracellular signaling mechanism with other cytokines. The JAK2-STAT3 cascade is a crucial pathway, and STAT3 activated by JAK2 promotes transcription of the target genes. On the other hand, SOCS3 negatively regulates leptin signaling by inhibiting JAK-STAT. The SOCS family, including SOCS3, has been implicated in the regulation of signal transduction of a variety of cytokines as part of a negative feedback loop (Adams et al., 1998; Bjørbaek et al., 1998; Sakamoto et al., 1998; Yoshimura, 1998) . Regulatory mechanism of leptin signaling has not been fully established in chicken. However, since leptin downregulated LEPR mRNA expression in the LMH cells (Cassy et al., 2003) where LEPR protein occurred (Ohkubo et al., 2007) , leptin dependent signaling pathway is likely to be conserved in the LMH cells. Therefore, we first analyzed whether leptin activates SOCS3 mRNA expression to understand negative feedback loop in the chicken cells. Although, leptin dependent SOCS3 gene expression was not observed in LMH cells without transfection of the chLEPR expression vector (data not shown), SOCS3 mRNA expression was specifically increased by leptin stimulation in the LMH transiently expressing chLEPR by time-dependent manner (Fig. 1) . Our previous experiment has shown that leptin was less effective at increasing reporter gene activity in LMH cells in the absence of chLEPR transfection . It may be the same reason that chLEPR expression level is not enough to increase SOCS3 mRNA expression in the LMH cell . However, the present showed the signaling cascade through chLEPR increased chSOCS3 mRNA expression in chicken cells and that is consistent with observations that leptin increased the expression of SOCS3 mRNA in mammals (Emilsson et al., 1997) . In addition, we also observed that the chSOCS3 gene promoter is activated by leptin (Fig. 2) . Cytokine-induced SOCS3 gene expression is JAK-STAT dependent Adachi et al.: Inhibition of Leptin Signaling by Chicken SOCS3 (Auernhammer et al., 1999; He et al., 2003; Ehlting et al., 2005) . In the human SOCS3 gene, two putative STATbinding elements, approximately 1.0 kb upstream from the initiation codon, are necessary for the promoter activity (He et al., 2003) . In the mouse SOCS3 gene, the STAT-binding element located between nucleotides −72 and −64 was determined to be essential for leukemia inhibitory factor (LIF) -stimulated promoter activation of the gene (Auernhammer et al., 1999) , and the same consensus sequence was located between −65 bp and −57 bp from the 5′end of chSOCS3 mRNA. Although there is limited evidence concerning the induction of SOCS3 expression by cytokines or the inhibitory role of SOCS3 on cytokine signaling in birds, it was recently reported that the growth hormone receptor and SOCS3 mRNA expression were increased in the sex-linked dwarf chicken. This suggested that SOCS3 has a critical role in the inhibition of insulin receptor substrate 1, LEPR, and JAK (Lin et al., 2012) . It seems likely that the JAK-STAT-SOCS regulatory pathway is conserved to modulate signal transduction of cytokines in birds and mammals.
Therefore, we analyzed the mechanism by which SOCS3 inhibited signal transduction through the chLEPR. It has been reported that SOCS3 binds to phosphorylated Tyr985 to antagonize STAT3 activation by mammalian LEPRs (Bjørbaek et al., 2000) . The domains important for signal transduction are conserved in avian LEPR, with Tyr985 corresponding to Tyr976 in chLEPR. (Horev et al., 2000; Ohkubo et al., 2000) . However, the chLEPR Y976A did not restore luciferase activity suppressed by chSOCS3 (Fig. 3) . Over-expression of chSOCS was thought to block the activation of JAK2 and STAT3 in chLEPR Y976A-expressing cells (Fig. 4) . These results are in contrast to observations reported using the mouse LEPR Y985F in vitro (Eyckerman et al., 2000) . The action of SOCS3 is attributed to docking with Y757 in gp130 (Nicholson et al., 2000; Jenkins et al., 2005) , which is similar to leptin signaling in mammals. The affinity of SOCS3 binding to JAK2 was weak; however, SOCS3 partially reduced JAK1, JAK2, and TYK activation in the absence of the cytokine receptor (Babon et al., 2012) , and SOCS1 had the ability to inhibit IFN-γ signaling, even when the SOCS1 docking site in the IFN-γ receptor was mutated (Starr et al., 2009) . The binding affinity of SOCS3 to LEPR might be lower in chickens than in mammals; therefore, over-expression of the chSOCS3 mutation may result in direct interaction with JAK2 in the absence of an appropriate docking site in chLEPR.
It has been well documented that the KIR of SOCS3 is important for activity. For example, SOCS3 F25A was unable to restore luciferase activity suppressed by the wildtype SOCS3 (Nicholson et al., 1999; Sasaki et al., 1999) , and SOCS3 with a deleted KIR did not interact with JAK2 (Babon et al., 2012) . The present study also revealed that the chSOCS3 F25A abolished SOCS3 activity through the wild-type chLEPR, which may indicate that chSOCS3 associates with JAK2 via KIR as is suggested in mammals.
In conclusion, SOCS3 is a negative feedback regulator of leptin signaling in chickens as well as in mammals. Chicken SOCS3 inhibits activation of JAK2 via KIR located at the Nterminal region and chSOCS3 may not bind to chLEPR for the inhibition of leptin signal transduction. However, we could not determine whether it was necessary for SOCS3 to dock with the chLEPR. Further studies are required to resolve this issue.
